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POLYMETHYLMETHACRYLATE 
AUGMENTED WITH CARBON NANOTUBES 
This application claims the bene?t of U.S. Provisional 
Application No. 60/179,569 ?led Feb. 1, 2000. 
This invention Was made With partial government sup 
port from the NSF under MRSEC DMR9809686 and, 
accordingly, the government may have certain rights in the 
invention. 
TECHNICAL FIELD 
The present invention relates generally to an augmented 
polymethylmethacrylate suitable for use in medicine or 
dentistry as a bone cement, dental restoration or other type 
of medical or dental prosthesis. 
BACKGROUND OF THE INVENTION 
Each year over 500,000 human joints require replacement 
as a result of debilitating disease or traumatic injury. Hip and 
knee joints represent a majority of these cases. To meet this 
need, a large number of partial and total joint orthopedic 
implants have been designed and are presently being mar 
keted by various manufacturers. These devices are some of 
the most remarkable surgical developments of the 20”1 
century because they dramatically restore pain-free mobility 
to diseased, Worn, or traumatiZed joints and thereby prevent 
joint dysfunction from limiting the quality and quantity of 
life. Examples illustrative of the types of orthopedic 
implants available include but certainly are not remotely 
limited to U.S. Pat. No. 5,020,063 to Tager, U.S. Pat. No. 
5,030,238 to Nieder et al., U.S. Pat. No. 5,108,452 to Fallin 
and U.S. Pat. No. 5,180,394 to Davidson. 
Total joint prostheses are secured to the host bone utiliZ 
ing one of tWo different techniques, bone ingroWth into 
specially engineered and manufactured pores on the surface 
of the implant, or bone cement. Porous ingroWth ?xation 
methods have three limitations. First, implant ?xation by 
porous ingroWth requires a period of post-operative 
restricted Weight bearing. Delays in post-operative ambula 
tion can have adverse clinical consequences on the respira 
tory system and overall health of older patients. These 
generally lead to additional costs from prolonged post 
operative hospitaliZation. Second, in the event of infection 
or excessive bearing surface Wear, porous ingroWth total 
joint implants are dif?cult to remove (revise) and frequently 
require fracture of the bone cortex. Finally, there alWays 
exists the potential for early failure due to an inability to 
achieve adequate ingroWth. This means lack of ?xation and 
failure of the prosthesis. When bone ingroWth does not 
occur, revision joint surgery becomes necessary. 
Bone cement is the common name given to polymethyl 
methacrylate polymer that in its medical (orthopedic) grade 
is used as the load-transferring material betWeen a total joint 
prosthesis and the bone implantation site. Commercially 
available bone cement is a tWo-phase material that consists 
of a liquid methylmethacrylate monomer and a ?ne pre 
polymeriZed polymethylmethacrylate poWder. These com 
ponents are packaged separately, mixed together in the 
operating room in a vacuum-mixing chamber and inserted 
under pressure into the prepared bone cavity before the 
polymeriZation reaction is complete. The liquid monomer 
contains a promoter or accelerator (to initiate the free-radical 
reaction) and a stabiliZer (to prolong shelf-life) and the 
poWder contains an initiator (a catalyst) and a radiopaci?er. 
Radiopaque material is commonly added to bone cement to 
enable the radiologist to “see” the cement mantle, monitor 
its integrity and observe the presence of defects. 
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The name “bone cement” is actually a misnomer because 
instead of serving as an adhesive, it more accurately serves 
as a grout or interfacial material betWeen the reamed med 
ullary canal of the proximal femur or tibia for total hip or 
knee implants, respectively, and the metallic stem of the 
prosthesis. Bone cement applied to the medullary canal is 
intended to form a layer (mantle) of uniform thickness 
betWeen the bone and the implant stem. This cement mantle 
is intended to mechanically interlock With the pores of the 
prepared bone and structurally compensate for the inability 
of the surgical technique to create a cavity in bone that 
exactly matches the shape of the total joint stem. 
Bone cement is the technology of choice for older patients 
because it virtually guarantees secure, immediate post 
operative implant ?xation and alloWs patients to ambulate 
soon after surgical implantation of the neW joint. This avoids 
respiratory complications, reduces post-operative morbidity 
and mortality and reduces the duration of hospitaliZation and 
rehabilitation. This is particularly important because tWo 
thirds of all hip replacement patients are older than 65 years 
of age. Total joint prostheses used for cemented ?xation are 
also less expensive than implants used for porous ingroWth 
?xation and they also have smaller surface areas and thus 
less likelihood of releasing metal ions into the body. They 
are also easier to revise in the event of joint bearing surface 
failure or infection. 
Active or overWeight total joint patients With cemented 
implants frequently experience failure of the cement mantle. 
This occurs in approximately 5% of all such patients about 
10 years post-operative. In fact, failure rates as high as 67% 
after 16 years in patients younger than 45 years old have 
been documented. Failure of the cement mantle results in 
loss of ?xation, subsidence and motion of the implant in the 
medullary canal, pain on ambulation, and ultimately, failure 
of the implant. 
Mechanical fatigue fracture of the cement mantle is 
believed to be one of the chief causes of bone cement failure. 
Fatigue failure of bone cement is believed to occur in three 
phases. In the ?rst phase the crack initiates, generally from 
a ?aW in the material’s continuity. In the second phase the 
crack sloWly propagates. In the third phase the crack propa 
gates rapidly to failure. 
Although recently developed cementing techniques have 
helped prolong the life of bone cement by eliminating air 
bubbles in the cement and thereby eliminating this source of 
stress risers, attempts to augment the mechanical properties 
of bone cement by the additional of various other materials 
have generally met With failure. Speci?cally, stainless steel 
?bers, polymethylmethacrylate ?bers, long macroscopic 
carbon ?bers, polyethylene ?bers, aramid ?bers and titanium 
mesh have all been added to bone cement in attempts to 
bridge bone cement cracks and arrest propagation at stage 
tWo. These attempts have been unsuccessful for a variety of 
reasons including, particularly, the adverse effect such mate 
rials have on the mixing of polymethylmethacrylate, the 
increase in viscosity and the poor ?ber/material bonding 
With the polymethylmethacrylate matrix. 
While the prior art teaches that carbon ?bers of average 
length less than 0.1 mm do not provide a desired reinforcing 
effect in polymethylmethacrylate based resins (note U.S. 
Pat. No. 4,064,566 to Fletcher et al.), We have noW found 
that carbon nanotubes provide substantially enhanced load 
bearing mechanical properties to polymethylmethacrylate 
resins and thereby extend the in vitro service life of poly 
methylmethacrylate bone cements. 
Additionally, carbon nanotube augmented polymethyl 
methacrylate resins provide improved strength to dental 
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prostheses (e.g. false teeth) to better Withstand the forces 
Which are produced in the oral cavity When chewing. Thus, 
the carbon nanotube augmented polymethylmethacrylate 
resins provide an excellent material from Which one may 
construct alone or in combination With other compounds 
dental restorations including but not limited to; dentures, 
croWns, bridges and other prostheses. 
SUMMARY OF THE INVENTION 
The present invention relates to a synthetic resin com 
prising a polymethylmethacrylate matrix augmented With 
carbon nanotubes. The resin may be utiliZed as a bone 
cement for joint prosthesis, dental prosthesis and/or dental 
restoration ?xation in bone tissue. The resin may also be 
used in the production of prostheses and restorations 
including, for example, dental croWns, bridges, teeth and 
other prostheses. 
The carbon nanotubes are provided at a Weight percentage 
of betWeen substantially 0.005—5.0 and more typically 
0.15—2.0. The carbon nanotubes have diameters betWeen 
substantially 10—50 nanometers and lengths betWeen sub 
stantially 10—1000 nanometers. Either single-Walled or 
multi-Walled carbon nanotubes may be utiliZed although for 
many applications, multi-Walled carbon nanotubes exhibit 
more bene?cial characteristics. 
In accordance With still another aspect of the present 
invention, the holloW spaces in the carbon nanotubes may be 
loaded to carry minute quantities of pharmaceutically ben 
e?cial compositions. Such compositions may be selected 
from a group consisting of antibiotics, anti-in?ammatories, 
chemotherapeutic agents, bone groWth promoting agents 
and any mixtures thereof. 
The carbon nanotube augmented polymethylmethacrylate 
resin of the present invention provides substantially 
enhanced mechanical properties. Advantageously, the pres 
ence of carbon nanotubes dispersed in the polymethyl 
methacrylate resin inhibits shrinkage of the resin as it cures 
thereby promoting better bone-implant or denture ?t and 
load transfer betWeen the implant and bone or prosthesis and 
oral cavity. Carbon nanotubes are also thermally and elec 
trically conductive and could also have a role as a heat 
transferring and an electrode-promoting material Which acts 
as a component of a temperature sink or bone groWth 
stimulation system. 
Still other bene?ts and advantages of the present inven 
tion Will become readily apparent to those skilled in this art 
from the folloWing description Wherein there is shoWn and 
described a preferred embodiment of this invention simply 
by Way of illustration of one of the modes best suited to carry 
out the invention. As it Will be realiZed, the invention is 
capable of other different embodiments and its several 
details are capable of modi?cation in various, obvious 
aspects all Without department from the invention. 
Accordingly, the draWings and descriptions Will be regarded 
as illustrative in nature and not as restrictive. 
DETAILED DESCRIPTION OF THE 
INVENTION 
As noted above, the present invention relates generally to 
an augmented synthetic resin comprising carbon nanotubes 
dispersed in a biocompatible polymethylmethacrylate 
matrix (i.e. a biocompatible polymer of polymethyl 
methacrylate dissolved in a biocompatible reactive mono 
mer of methylmethacrylate). Of course, the resin may also 
include or incorporate any appropriate inhibitor, promoter or 
accelerator, stabiliZer, initiator, catalyst, radiopaci?er and/or 
radiopaquing agent of a type knoWn in the art. 
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The augmented synthetic resin is particularly suitable for 
use in medicine or dentistry and is characteriZed by a unique 
set of chemical, physical, and electrical properties that are 
particularly adapted for (1) application as a bone cement for 
joint prosthesis, material for dental prosthesis and/or dental 
restoration ?xation in bone tissue; (2) use in the production 
of prostheses and restorations including, for example, dental 
croWns, bridges, teeth, etc.; or (3) use as bone groWth 
stimulation electrodes in medical or dental prostheses. 
The carbon nanotubes are provided in the resin at a Weight 
percentage of betWeen substantially 0.005—5.0 and more 
typically 0.15—2.0. The carbon nanotubes generally have 
diameters ranging betWeen substantially 10—50 nanometers 
and lengths betWeen substantially 10—1000 nanometers. 
Either single Walled or multi-Walled carbon nanotubes may 
be utiliZed. The advantageous properties of such carbon 
nanotubes are realiZed so long as the nanotubes are thor 
oughly disaggregated and uniformly dispersed throughout 
the resin material. 
The desired carbon nanotubes disaggregation and disper 
sion may be achieved in a number of Ways. The ?rst and 
most preferred technique useful for this purpose is ultrasonic 
agitation. In this approach, the tip of a sonic 
dismembranator, that is an ultrasonic probe used to disrupt 
cell membranes, is inserted into a mixture of the carbon 
nanotubes and the liquid methylmethacrylate monomer. 
PoWer levels of betWeen 175—475 Watts and preferably 
above 200 Watts are utiliZed for a total of betWeen 10—60 
minutes to complete the disaggregation and dispersion of the 
nanotubes in the monomer. After the speci?ed period of 
ultrasonic agitation is completed, the probe is removed and 
the monomer containing nanotubes is vacuum mixed With 
the biocompatible polymer of polymethylmethacrylate. Fol 
loWing mixing, the polymeriZing “dough” is injected into 
the medullary canal Where it Will polymeriZe in vivo in order 
to hold a prosthesis or implant in place in the bone. 
Alternatively, the mixed augmented synthetic resin may be 
injected into a dental restoration or other mold alone or in 
combination With other appropriate materials Where it may 
polymeriZe in the shape of a croWn, plate, bridge or other 
appropriate dental restoration. 
In a second possible disaggregation and dispersement 
technique, the appropriate amount of carbon nanotubes are 
added to a small quantity (eg 10 ml) of reagent grade 
ethanol. The ultrasonic probe is then inserted into the 
ethanol-nanotube solution and ultrasonic agitation is used to 
disaggregate and disperse the nanotubes for a period of time 
as described above. Next the ethanol-nanotube solution is 
mixed With an appropriate amount of the polymethyl 
methacrylate polymer, applied to a clean glass surface and 
the ethanol component is removed, for example, by heating 
in a vacuum oven to 37° C. for 48 hours. After equilibrating 
to room temperature the nanotube/poWder mixture is 
removed from the oven and vacuum mixed With the appro 
priate amount of biocompatible methylmethacrylate mono 
mer. After an appropriate mixing-curing time, the bone 
cement is then ready for injection. 
In a third approach, the carbon nanotubes are added to a 
selected quantity of ethanol and an appropriate amount of 
methylmethacrylate monomer before being subjected to 
ultrasonic agitation. Once the nanotubes are thoroughly 
distributed in the ethanol and monomer mixture, as detected 
by uniformity of coloration, the ethanol is removed by 
fractionation. The monomer liquid containing the dispersed 
nanotubes, but no ethanol, is then vacuum mixed With the 
polymethylmethacrylate polymer and readied for injection. 
In still another technique, shatter milling is utiliZed. 
Shatter milling is a multi-body cryogenic mechanical tech 
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nique that derives its name from the disruptive mechanical 
action of tWo steel balls contained in a small sealed steel 
container that is subjected to repetitive agitation. Shatter 
milling begins by opening a threaded steel end cap of this 
container and then removing one of the tWo steel balls. The 
appropriate amount of carbon nanotubes, polymethyl 
methacrylate polymer poWder and liquid nitrogen 
(approximately 20% of maximum capacity) are added to the 
container. The second steel ball is reinserted in the container 
and the steel end cap is replaced. The sealed container is then 
placed in a motoriZed shaking apparatus Which moves the 
container rapidly back and forth in a 3D arc motion Which 
causes the tWo steel balls to shatter the poWder contents 
against each other and against the sides of the container. This 
serves to disaggregate the nanotubes and disperse them 
throughout the polymethylmethacrylate polymer poWder. 
FolloWing “shattering” the material is removed from the 
container, the nanotubes-polymethylmethacrylate is vacuum 
mixed With the appropriate amount of methylmethacrylate 
monomer (the liquid nitrogen component boils aWay) and 
readied for injection. 
Yet another possible method for disaggregation/ 
dispersion employs the principles of particle shear Which is 
induced by passing a pressuriZed stream of solvent contain 
ing carbon nanotubes through an expansion noZZle. As the 
carbon nanotubes are passed through the noZZle, the shear 
ing forces Within the ?uid cause the nanotubes to separate 
and disperse into the liquid stream. Of course, the disaggre 
gation and dispersion techniques recited above should be 
considered as illustrative of the various approaches available 
to achieve the desired end and not as restrictive. 
The multi-Walled carbon nanotubes are made from rolled 
graphene sheets that are capped With hemispheres similar to 
C60 to form holloW multi-Walled tubular structures. The 
carbon nanotubes utiliZed have tensile strengths that are up 
to 4000 times stronger than steel (at only one-sixth the 
Weight) and as much as 200 times stronger than carbon 
?bers. The carbon nanotubes are also ?exible, thermally and 
electrically conducting, and have magnetic properties. The 
carbon nanotubes also have a surface area to volume ratio 
that is up to six orders of magnitude larger than an equivalent 
volume of carbon ?bers. The multi-Walled carbon nanotubes 
not only have a very high length/diameter ratio but also a 
large surface area per volume. Carbon nanotubes bond to 
carbon-based matrices like polymethylmethacrylate poly 
mer by comparatively Weak van der Waals bonds. Even 
though individual van der Waals bonds are comparatively 
Weak, there are so many more of them per mass of carbon 
nanotubes than per unit mass of carbon ?ber, the carbon 
nanotube-polymethylmethacrylate matrix adhesion strength 
is very large such that the bond strength is greater and the 
mechanical fatigue strength and compression strength are 
enhanced. 
Further, unlike the comparatively macroscopic siZe of 
previously used reinforcing ?bers/particles, carbon nano 
tubes are much smaller and this siZe difference aids in the 
uniform distribution and orientation of the carbon nanotubes 
throughout the polymethylmethacrylate resin. The resulting 
large numbers of Well dispersed carbon nanotubes suggest 
that they are more likely to be at the site Which bridges a 
freshly nucleated crack in position to resist or prevent crack 
propagation. The random orientation of the carbon nano 
tubes means that many Will have their longitudinal axis 
perpendicular to the crack. Together, the spatial orientation, 
strong nanotube-matrix bonding, extremely strong tensile 
properties and ?exibility in conjunction With their Wide 
spread numerous distribution indicate their theoretical effec 
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tiveness in arresting crack propagation and groWth. Thus, 
the carbon nanotubes effectively extend the longevity of the 
cement mantle. 
The augmented synthetic resin of the present invention 
provides a number of advantages and bene?ts. The carbon 
nanotubes inhibit shrinkage of the resin as it cures and 
thereby promotes a better bone-implant ?t, better load 
transfer and better clinical performance. The high heat 
conductivity of nanotubes may also help to prevent poly 
meriZation induced thermal necrosis of bone that otherWise 
results from the high temperatures that occur during in vivo 
polymeriZation of the synthetic resin used in the medullary 
canal betWeen the implant and the bone. Speci?cally, the 
carbon nanotubes help prevent local polymeriZation 
hyperthermia-induced destruction of the bone tissue adja 
cent to the cement mantle. This is because carbon nanotubes 
have an extremely high on-axis thermal conductivity second 
only to diamond. Thus, the carbon nanotubes conduct the 
heat of polymeriZation to the large metallic stem of the 
implant Which effectively functions as a heat sink. This 
conduction also functions to eliminate localiZed “hot” spots 
of polymeriZation heat in the cement mantle of the type that 
may be responsible for highly localiZed areas of bone lesions 
such as have been observed radiographically in the past 
When many prior art bone cements are utiliZed. 
It is also hypothesiZed that the nanotubes Will help 
prevent chemically induced bone necrosis. Speci?cally, 
unreacted monomer has a tendency to leach from the cement 
mantle and is thought to be a factor contributing to chemical 
necrosis of bone. This is a signi?cant problem because the 
escaping monomer comes in intimate contact With the bone 
at the critical cement mantle interface. Chemical mediated 
destruction of this bone at the interface may lead to stress 
concentrations and failure of the cement mantle. 
Advantageously, the high af?nity of carbon nanotubes for 
such monomer Will alloW the nanotubes to act as scavaging 
agents and prevent the leakage of potentially detrimental 
monomer. 
Still further, the carbon nanotubes conduct electricity 
either by metallic induction or by one of tWo semiconductor 
mechanisms. The electric conductive properties of the car 
bon nanotubes could serve as electrodes or electrical conduit 
materials in medical or dental prostheses that use electrical 
stimulation. This Would enhance the effectiveness and clini 
cal convenience of electric bone groWth stimulators result 
ing in improved bone groWth in and around the implant. 
This, of course, enhances the mechanical strength of the 
mounting of the implant in the bone. To achieve this end, 
locally high concentrations of carbon nanotubes could be 
provided in the methylmethacrylate matrix at selected 
points, regions or Zones along the cement mantle or pros 
thesis as desired to promote the necessary bone groWth. 
Since iron-based catalysts such as ferrocene are used in 
the production of carbon nanotubes, the nanotubes exhibit 
magnetic properties. Thus, by application of external mag 
netic ?elds to the still polymeriZing synthetic resin, it is 
possible to selectively orient and redistribute nanotubes 
prior to curing and thereby confer a preferred alignment 
thereof to better resist failure in a given direction (eg to 
better Withstand tensile forces in a given direction). This 
technique may also be used to position drug loaded nano 
tubes in greater concentrations along the bone/cement 
mantle interface. 
The carbon nanotubes also simplify bone cement appli 
cation. The added strength and improved mechanical prop 
erties imparted to the resin by the carbon nanotubes alloW a 
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Wider range of cement mantle thickness to provide the 
necessary/desired characteristics to properly maintain the 
prosthesis in the bone. Additionally, the carbon nanotubes 
darken the bone cement providing greater visual contrast 
Which aids intra-operative visual identi?cation of bone 
cement location. This facilitates complete removal of the 
cement from the bone in the event revision surgery ever 
becomes necessary due to infection, excessive joint bearing 
Wear or aseptic loosening. 
Still further, infection of an implant is considered a 
devastating complication and treatment options remain con 
troversial and are often ineffective. Advantageously, carbon 
nanotubes include holloW spaces therein capable of carrying 
minute quantities of pharmaceutically bene?cial composi 
tions. Such compositions may, for example, be selected from 
a group consisting of small siZed antibiotics, anti 
in?ammatories, chemotherapeutic agents, bone groWth pro 
moting agents and any mixtures thereof. The loading of the 
holloW spaces in the nanotubes With appropriately siZed 
antibiotic drugs or other agents to treat infection should 
function at the site as a prophylactic to address this problem. 
Bone groWth promoters as Well as other desired proteins and 
agents function to provide site effective measures to enhance 
the bonding of the implant to the surrounding bone. 
The folloWing examples are presented to further illustrate 
the invention, but it is not to be considered as limited thereto. 
EXAMPLE 1 
Carbon nanotubes are ?rst scraped from the quartZ sub 
strate upon Which they are groWn. An appropriate quantity 
(to the intended percentage desired in a preplanned amount 
of cured medical or dental grade polymethyl-methacrylate 
(PMMA)) of nanotubes is then Weighted by using a preci 
sion balance. These nanotubes are then added to a solution 
of methyl-methacrylate monomer. The amount of this mono 
mer is typically one-half of the total amount of monomer to 
be used in preparing the preplanned amount of PMMA. This 
50% amount of monomer is placed into a beaker and then 
the previously mentioned precision Weighted amount of 
nanotubes is added to this monomer. The beaker With 
monomer and nanotubes is then placed into another much 
larger beaker to Which many ice particles have been added. 
When the monomer mixture is cooled to 0 degrees C or less, 
the probe of an ultrasonic dismembranator is inserted into 
the liquid. This probe is positioned carefully so as to be fully 
immersed, yet be more than 8 mm or so from the bottom of 
the beaker. The ultrasonic probe is set to a poWer level of 
(typically) 200 Watts, and turned on for 30 seconds. At the 
end of this time, the probe is turned off for 30 seconds and 
the mixture is alloWed to cool. This cycle of 30 seconds 
on/30 seconds off is repeated for a total on time of betWeen 
5 minutes to 60 minutes (depending upon nanotube concen 
tration and probe poWer level). Proper disaggregation and 
dispersion of the nanotubes is preliminarily con?rmed by 
visual appearance of the solution (uniform coloration) and 
veri?ed by preparation into a polymer (after mixing With 
additional monomer, polymer, curing) and then freeZe frac 
ture and scanning electron microscopic analysis of the freeZe 
fractured surface. 
Once all ultrasonic agitation of the nanotube containing 
initial amount of monomer has been accomplished, the 
monomer is then mixed With the remaining amount of 
monomer and then inserted into the mixing chamber along 
With the appropriate amount (usually tWice the Weight of 
monomer) of prepolymeriZed polymethylmethacrylate poW 
der. If the mixture is intended for medical applications, e.g., 
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bone cement, said mixing is done in a vacuum (typically 1/2 
to 1 atmosphere). If the mixture is intended for dental 
applications, said mixing might occur Without a vacuum. 
If this mixture is intended to also serve as a scaffold for 
electrical simulating device to enhance long bone or oral 
bone groWth, then another parallel nanotube disaggregation 
and dispersion effort Will be performed, but With a larger 
concentration of same or slightly different siZe/catalyst/ 
number of Walls, etc. nanotubes. This later mixture Will have 
much higher electrical conductivity (in the cured state) and 
Will serve as electrical conduits or as electrodes making 
direct contact With bones such as the tibia, femur, or 
mandible or maxilla, etc. At the appropriate stage of curing 
of the ?rst mixture (loW nanotube concentration of PMMA 
designed to optimiZe certain mechanical properties such as 
fatigue resistance or bending resistance), the second con 
centration of nanotubes may be added to incorporate the 
electrically conducting features of the ?nal PMMA medical 
or dental device. At this time, other elements of the circuit 
(connections, batteries, constant current regulating circuitry, 
etc.) may also be added. 
This curing mixture of one or tWo concentrations of 
nanotubes Will then be shaped by its container or by alter 
native means to produce the desired medical or dental 
device. 
If carbon nanotubes can successfully augment the 
mechanical properties of denture based acrylic, it Would 
suggest that dental prostheses Would be able to endure more 
or higher amplitude (or both) stress cycles. This Would 
simplify the use of denture based acrylic by eliminating the 
need for metal reinforcement in certain high stress locations 
for certain patients. Currently, cast metal may need to be 
incorporated into dental prostheses in thin areas to reduce 
the chance of breakage. With successfully augmented dental 
acrylic this additional procedure and its expense Would be 
eliminated. 
Sample Preparation and Mechanical Testing 
We have conducted preliminary tests on carbon nanotube 
augmentation by using research grade polymethylmethacry 
late as the matrix. Carbon nanotubes are ?rst scraped from 
the surface on Which they are groWn by using a single-edge 
raZor blade. These nanotubes are then placed in a vial for 
future Weighing. For each batch of augmented dental acrylic, 
ten grams of liquid methylmethacrylate monomer are 
Weighed by using a precision electronic balance. This mono 
mer is then placed in a beaker and inserted into another 
larger beaker containing crushed ice (to cool the monomer 
and prevent its evaporation). To this liquid monomer are 
added a small amount of multiWalled carbon nanotubes 
(MWNT). These nanotubes Weigh betWeen 1/16 to 1/2 of 1%, 
to as much as 2% of the total amount of acrylic (30 g, 10 g 
of monomer plus 20 g of polymer). Akey step folloWing this 
addition is that the carbon nanotubes must ?rst be disaggre 
gated and then uniformly dispersed (both location and 
orientation) throughout the liquid monomer. Disaggregation 
is needed because of the tendency for carbon nanotubes to 
?rmly adhere to each other in a parallel axis arrangement. 
[Smalley, 1999] (FIG. 1) This behavior is analogous to the 
tendency for long pasta noodles to axially align and stick 
together in a boWl shortly after cooking. Nanotube aggre 
gation originates With the method of production (groWth of 
nanotubes at right angles on a substrate) and the removal 
(scraping) of these nanotubes from the substrate by using a 
raZor blade. 
Uniform dispersion of the nanotubes in the PMMA is as 
critical in this study as in every other study [LeWis, 1997] 
[Quin, 1999] except that the small siZe of the nanotubes 
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confers an enormous advantage over prior uses of compara 
tively macroscopic ?bers and meshes. Dispersion of the 
disaggregated nanotubes in the monomer component is 
accomplished by a process developed in our laboratory. The 
tip of an ultrasonic cell dismembranator is inserted into the 
cooled monomer (With nanotubes added) and turned on to 
50% of maximum (typically, 200 Watts) poWer. The sonic 
dismembranator operates for 10 seconds, and is then turned 
off for 10 seconds. This process, i.e., a 50% on-time (duty 
cycle) is repeated for a total of 60 minutes (total of 30 
minutes on time). 
After this time, the cooled monomer containing the dis 
aggregated and dispersed nanotubes is then poured into a 
mixing boWl to Which Was previously added tWenty grams 
of polymeriZed polymethylmethacrylate poWder (previously 
Weighed (to 0.01 g) on the precision electronic balance). 
This mixing process occurs over a carefully controlled 
3-minute duration in a vacuum (1/z atmosphere) mixing boWl 
(to minimiZe air bubbles in the mixture). The entire process 
is also done in a fume hood to minimiZe airborne odors. As 
soon as the monomer and polymer are thoroughly mixed, the 
mixture is then poured and scooped With a spatula into a 
bone cement gun cartridge, and then this mixture is squirted 
at high pressure into either a pre-prepared silicone mold for 
tensile test specimens, or an open-faced stainless steel mold 
used for bending specimens. The specimens are alloWed to 
air cure in the molds at room temperature in the fume hood 
for 24 hours, after Which time they are removed from the 
molds and alloWed to cure in air for 1 Week in the fume hood 
at room temperature. 
At the end of this 1-Week curing period, the specimens 
Were inserted into the jaWs of a custom-built tensile speci 
men test ?xture (made according to ASTM draft 
speci?cations) and tested to failure at an actuator displace 
ment rate of 2.54 cm per second. The results of these tensile 
testing studies have shoWn that the control (0% nanotube 
concentration) specimens Withstood a mean maximum ten 
sile stresses of 38 Mpa,:7.7 Mpa std. Dev, n=12), and this 
value compares favorably With the values measured by 
others. ([LeWis, 1997]) the addition of carbon nanotubes in 
preliminary testing (Table 1) has shoWn that the small 
fractions of one percent of carbon nanotubes in research 
grade polymethylmethacrylate can enhance the tensile 
strength and stiffness of this material by as much as 78% and 
91% respectively. 
TABLE 1 
Nanotube concen. 0 (control) 1/B% %% V2% 
tensile strength 0.486 0.865 0.841 0.670 
Stiffness (N/rnrn) 1219 2329 1727 2161 
sample size 5 4 4 1 
Others Working independently from us in our af?liated 
laboratory, the Center for Applied Energy Research, have 
measured a 25% increase in the failure stress of polystyrene 
that Was augmented With a 1% addition of multi-Walled 
carbon nanotubes. [Qian, 1999] Both preliminary sets of 
measurements strongly support the theoretical claims (made 
beloW) regarding the load transferring ability across the 
nanotube-matrix interface. [Qian, 1999] These data also 
provided the information that enabled subsequent sample 
siZe estimates. 
If it is assumed that the nanotubes bond strongly to 
acrylic, then (for example, in tensile loading), classical 
micromechanical models for randomly oriented discontinu 
ous ?ber lamina can be applied to predict the modulus of the 
nanotube-acrylic composite. For varying concentrations of 
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nanotubes, VNT, the folloWing equation predicts the com 
posite tensile modulus EC: [Mallick, 1993] 
c: 8 1—'IL'VNT 8 1—'IL'VNT EEC 
(ENT/EBC) — 1 
"L : (ENT/EBC) + 2'(lNT/dNT) 
"L : (ENT/EBC)_1 
(ENT/EBC) + 2 
Where: EC represents tensile modulus of the nanotube-bone 
cement composite, 
EEC is the tensile modulus of dental acrylic (assumed to 
be approximately 2.5 GPa ([LeWis, 1997]), 
ENT is the tensile modulus of multi-Walled nanotubes 
(assumed to be approximately 500 GPa ([Pan, 1999]), 
VNT is the volume fraction of nanotubes, and 
1NT the length, and dNT the outside diameter, of multi 
Walled nanotubes 
(our measurements suggest mean values for dN1=30 nm 
and 1NT=50 pm). 
The tensile modulus of the composite, EC, as predicted 
from these equations, may be plotted as a function of carbon 
nanotube volume fraction VNT in a dental acrylic matrix. It 
is important to note that a 1% (0.01 on the graph) volume 
addition of the multi-Walled nanotubes almost doubles the 
predicted tensile modulus. 
The foregoing description of the preferred embodiment of 
the invention has been presented for purposes of illustration 
and description. It is not intended to be exhaustive or to limit 
the invention to the precise form disclosed. Obvious modi 
?cations or variations are possible in light of the above 
teachings. The embodiment Was chosen and described to 
provide the best illustration of the principles of the invention 
and its practical application to thereby enable one of ordi 
nary skill in the art to utiliZe the invention in various 
embodiments and With various modi?cations as are suited to 
the particular use contemplated. All such modi?cations and 
variations are Within the scope of the invention as deter 
mined by the appended claims When interpreted in accor 
dance With the breadth to Which they are fairly, legally and 
equitably entitled. For example, it should be appreciated that 
the carbon nanotube augmented polymethylmethacrylate 
resin of the present invention may also be used as an injected 
biomaterial to prevent the collapse of severely osteoporotic 
vertebrae and femoral heads suffering from avascular necro 
sis. The augmented resin functions in this situation to 
support axial compressive loads to reduce pain and disabil 
ity. 
What is claimed is: 
1. An augmented synthetic resin, comprising carbon nano 
tubes thoroughly disaggregated and uniformly dispersed in 
a polymethylmethacrylate matrix, said nanotubes having 
lengths betWeen substantially 10—1000 nanometers and 
diameters betWeen substantially 10—50 nanometers. 
2. The synthetic resin of claim 1, Wherein said carbon 
nanotubes are provided at a Weight percentage of betWeen 
substantially 0.005—5.0. 
3. The synthetic resin of claim 2, Wherein said carbon 
nanotubes have diameters betWeen substantially 10—50 
nanometers. 
4. The synthetic resin of claim 1, Wherein said carbon 
nanotubes are provided at a Weight percentage of betWeen 
substantially 0.15—2.0. 
5. The synthetic resin of claim 4, Wherein said carbon 
nanotubes have diameters betWeen substantially 10—50 
nanometers and lengths betWeen substantially 10—1000 
nanometers. 
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6. The synthetic resin of claim 5, Wherein hollow spaces 
in said carbon nanotubes carry minute quantities of bene? 
cial pharmaceutically effective compositions selected from a 
group consisting of antibiotics, anti-in?ammatories, chemo 
therapeutic agents, bone groWth promoting agents and any 
mixtures thereof. 
7. The synthetic resin of claim 1, Wherein said carbon 
nanotubes are multiWalled. 
8. Adental restoration, comprising a body at least partially 
constructed from an augmented synthetic resin including 
carbon nanotubes dispersed in a biocompatible polymer of 
polymethylmethacrylate dissolved in a biocompatible reac 
tive monomer of methylmethacrylate. 
9. A method of preparing a synthetic resin, comprising: 
miXing carbon nanotubes in a methylmethacrylate mono 
mer; 
disaggregating said carbon nanotubes; 
adding polymethylmethacrylate polymer to the carbon 
nanotube-methylmethacrylate monomer mixture; and 
vacuum miXing. 
10. The method of preparing a synthetic resin of claim 9, 
Wherein said disaggregating is completed by subjecting to 
ultrasonic agitation disaggregation or particle shearing. 
11. A method of preparing a synthetic resin, comprising: 
miXing carbon nanotubes With a solvent; 
disaggregating said carbon nanotubes; 
1O 
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adding said disaggregated carbon nanotubes to a methyl 
methacrylate monomer and a polymethylmethacrylate 
polymer; and vacuum miXing. 
12. The method of preparing a synthetic resin of claim 11, 
Wherein said disaggregating is completed by subjecting to 
ultrasonic agitation disaggregation or particle shearing. 
13. A method of preparing a synthetic resin, comprising: 
miXing carbon nanotubes and polymethylmethacrylate 
polymer With a solvent; 
disaggregating said carbon nanotubes; 
separating the solvent from said disaggregated carbon 
nanotubes and polymethylmethacrylate polymer; 
adding methylmethacrylate monomer; and 
vacuum miXing. 
14. The method of preparing a synthetic resin of claim 13, 
Wherein said disaggregating is completed by subjecting to 
ultrasonic agitation disaggregation or particle shearing. 
15. The synthetic resin of claim 1, Wherein holloW spaces 
in said carbon nanotubes carry minute quantities of phar 
maceutically effective compositions selected from a group 
consisting of antibiotics, anti-in?ammatories, chemothera 
peutic agents, bone groWth promoting agents and any miX 
tures thereof. 
